Pulsars, especially millisecond pulsars, are intrinsically very stable celestial clocks, and their great pulse period stability open up a wide range of potential applications to astronomical phenomena, such as a natural detector for very low frequency (10 −7 − 10 −9 Hz) gravitational waves (GWs) background from supermassive black hole binaries. Double neutron star (DNS) binary systems, containing one or two radio pulsars, lose orbital energy by gravitational radiation, which leads to the orbital shrink. As a result, two neutron stars get closer and closer, during which it contributes to the emission of high frequency GWs of 1−10 4 Hz. In this paper, we investigate the frequency shift of pulse signal for radio pulsars in DNS system that is induced by the emission of GWs from the system. We point out that the pulse frequency shift of radio signal in these systems can be a potential tool to hunt for the high-frequency GWs, with massive gravitons, from DNS systems, which resorts to a temporal shift of gravitational constant δG(t)/G. The sensitivity to high-frequency GWs from DNS by radio pulse frequency shift is discussed. The correlation between timing residuals of pulsar pair in double radio pulsars, such as the system PSR 0737-3039 A(B), is also considered.
Compact binary systems are currently the bestunderstood sources of gravitational waves (GWs), especially double neutron star (DNS) systems, including one or two radio pulsars, which are the sources of high frequency GWs of 1 − 10 4 Hz due to loss of orbital energy. Even if radio pulsars are perfect clocks, because of extremely stable period, the times-of-arrival of the pulses will still be modulated by a number of factors. For pulsars in binaries, the pulses will be modulated by binary motion and strong gravitational fields of two components, leading to time residuals and frequency shifts. As a result, the pulsar timing allows one to search for the effects due to binary motion [1, 2] . By measuring the decay of orbit using pulse time-of-arrival observations [3] [4] [5] for the famous relativistic binary pulsar B1913+16, which was discovered in radio data by Hulse & Taylor [6] , it has got compelling evidence for gravitational radiation and thus profound confirmation of GWs. So far, It has been detected 9 DNS systems, in which most of radio components are millisecond pulsars (MSPs) with elliptical orbits [7] . However, there are several systems that are close enough to merger in a time interval than Hubble time, and two of them possess very low eccentricity, i.e. approximately circular orbits, which include one double radio pulsar system PSR J0737-3039 A(B). In this work, we study the frequency shifts of the radio pulse for radio pulsars in DNS systems, which is induced by the emission of GWs during inspiralling process due to orbital shrink.
Considering a DNS binary system, the two components are treated as point-like, with masses m 1 and m 2 and distances from the center of mass d 1 and d 2 , respectively. Then on x-y plane, the coordinates of two bodies are (d 1 cos θ, d 1 sin θ) and (−d 2 cos θ, −d 2 sin θ). Setting the orbital separation of binary components as d = d 1 + d 2 , * Email address: jwang@mx.nthu.edu.tw we have
where µ = m1m2 m is the reduced mass of the system with its total mass m = m 1 +m 2 . Because of loss of energy and thus emission of GWs, an orbital circularization occurs, and some systems have been circularized to a very low eccentricity. Assuming that the motion of neutron stars is on a Keplerian orbit, The motion of components can be described by
where a is the semimajor axis and e is the eccentricity of the orbit. For elliptic Keplerian orbit, the famous Kepler's law is
where the fundamental frequency ω 0 is related to the orbital frequency ω orb , G is the gravitational constant. Because of emission of GWs, the systems become more and more circular, and ω 0 finally becomes the orbital frequency. By computing the radiated power in GWs and the frequency spectrum for a Keplerian elliptic orbit, one can get the Fourier decomposition of the Keplerian motion that associates to the frequency of GWs ω gw
For a Keplerian elliptic orbit, the orbital separation must decrease, in order to compensate the loss of energy to GWs. Such an orbital shrink is mainly represented by the decrease of semimajor axis a. According to the Kepler's law Eq. (3), a shift of orbital frequency is therefore written as
The GW frequency is related to the orbital frequency by ω gw = nω orb , by performing post-newtonian expansion [8] . For a circular orbit, it is generally taken as ω gw = 2ω orb [9] . Consequently, we obtain the frequency shift of GWs induced by orbital decay,
When the orbital semimajor shrinks a small interval δa, and thus the distance of pulsar from the center of mass decreases δa, the radio signal from pulsar will present a dispersion between this interval, which contributes to a variation of time-of-arrival and thus a pulse frequency shift of the rotating pulsar. Setting the distance between observer and the center of mass of DNS system as L, the variation of time-of-arrival, neglecting the higher-order of the variation of orbital separation, is then δt ∼ Lδa c , where c is the speed of light. According to the frequency dispersion in pulse time-of-arrival, the frequency shift of radio pulse induced by shrink of orbital separation δa is
Here, ω s is the pulse frequency of radio pulsar, DM is the dispersion measure, and a dispersion constant is defined as D = e 2 4πmec = 4.1488 × 10 3 MHz 2 pc −1 cm 3 s with electron mass m e and electron charge e. By plugging the frequency shift of GWs Eq. (6) into Eq. (7) and removing δa, we find that the frequency shift of radio pulse, induced by emission of GWs, can be related to the GW frequency shift by
Accordingly, we expect to hunt for GWs from DNS binaries by means of the frequency shift of pulse signals of their radio components. At quantum level, the quantization of Einstein's gravitational field in weak-field limit [10] shows that GW is the oscillation of spin-2 bosons, the gravitons. Therefore, a frequency shift of GWs should be ascribed to that of their propagators, the shift of oscillation frequency of gravitons. It is predicted from general relativity that the speed of disturbance of its waves is the speed of light c in vacuum, without dispersion [1, 11, 12] . However, a graviton with mass, the massive gravitons, cannot be ruled out [12] [13] [14] [15] [16] , which specifies a dispersion relation,
which follows from the special relativity relationship
In these relations, ω g is the oscillation frequency of massive gravitons, ω cut = m g c 2 / is the cutoff frequency with graviton mass m g and reduced Planck constant , k g (ω g ) is the GW wave vector in a propagating direction n with unit vectorˆ n, E = ω g is the energy of massive gravitons, and p = k g is the momentum. It was inferred an upper limit of m g = 7.6 × 10 −20 eV/c 2 [16] for graviton mass, by using the effect of graviton mass on the generation of GWs by a binary and the rate of binary in spiral inferred from the timing of binary pulsars. This implies that a cutoff frequency of GWs from DNS systems should be less than 10 −4 Hz. If the GW frequency is less than ω cut , the wave does not propagate, which indicates that gravitons mediate a short-range force and its propagation would be cut off at a distance larger than the Compton wavelength λ g = mg c . As a result, the speed of dispersion of GWs with massive gravitons from DNS systems will be less than, but very close to, that of light, with
Consequently, a typical duration for massive graviton in one scattering event is τ ≃ λ g /v g , which should be larger than 10 4 s. The detection for GWs from pulsar timing is based on the interaction of GWs and electromagnetic waves, which can be, from microcosmic point of view, ascribed to the gravitons coupling with and scattering in electromagnetic field. The electromagnetic Lagrangian density is
where F µν = ∂ µ A ν − ∂ ν A µ is the electromagnetic tensor with its four vector A µ . To describe massive gravitons in the field theory, the most general Lorentz-invariant mass term that can avoid the "ghost" is h µν h µν − h 2 , where h µν is the perturbed space-time metric with its trace h. Accordingly, in linearized theory, the Lagrangian density of massive gravitons is
Note that from gravitons to GWs, the perturbed spacetime metric h µν should be rescaled by a factor √ 32πG. When massive gravitons interact with electromagnetic field, the interaction term can be written as
with the coupling constant √ 8πG. Here, the gaugeinvariant energy-momentum tensor of electromagnetic field T µν em has the form of
where F is the trace of electromagnetic tensor F µν , and η µν is the non-perturbative space-time metric.
Consequently, the coupling between massive gravitons and electromagnetic field can be expressed as
where ζ X in the first line is coupling constants and Λ X is a large energy scale, with subscript X = γ, e, p. Phenomenological consequence of the coupling Eq. (16) is a temporary shift of all masses and frequencies inside massive gravitons. In this sense, the signal we search for is a transient variation of fundamental constants. What related to the temporary shift of coupling constant inside massive gravitons are the parameters in Lagrangian (16) . Accordingly, the temporary shift of coupling constants ∆gX gX are reflected by
Both laboratory and astrophysical constraints on the energy scale Λ X indicate that it can be ∼ 15 TeV [17] . The gravitational constant, at quantum level, is defined by Planck mass,
, with a value of M P l ≃ 10
19
GeV. However, if we consider a typical value of GW frequency coming from coalescence DNS, f gw = 1kHz, the energy of massive graviton E = ω gw = O(10 −21 )GeV can be totally negligible with respect to the mass m X of its coupling particles, such as photons, electrons and protons. Therefore, the gravitational cross-section σ ∼ G , and the temporary shift of coupling constants ∆gX gX is represented by the time variation of gravitational constant δG(t)/G. In the limit of a large duration τ for one crossing event, the effect of Eq. (16) becomes identical to the variation of GWs over time withĠ ≃ const.
When the coordinates vary for radio components in a binary system due to the loss of orbital energy, the emitted GWs interact with the radio signal, i.e., the oscillating massive gravitons couple to particles in the electromagnetic signal, which would shift the oscillating frequency of gravitons. As a result, the coupling-induced frequency shift of massive gravitons can be related to the transient variation of fundamental constants,
Accordingly, the pulse frequency shift of radio pulsar is represented by the temporary variation of gravitational constants,
As an intrinsically stable clock, the statistically timekeeping stability for a pulsar is represented by σ y (T ), the square root "Allan variance" [18] , which is a measure of its fractional deviation over a period of time T . Allan variance characterizes the fractional instability of a clock frequency according to [19] , where R φ (T ) is a phase auto-covariance function [20] and related to the experimentally relevant quantity for the frequency variation of clocks. The experimentally relevant quantity for the frequency variation of clocks is the total phase accumulated by the oscillator, φ 0 (t) = t 0 ω s dt ′ . If a variation of oscillating frequency δω s is caused by the coupling (16), the total phase reads φ(t)
The induced time residuals R(t) are given by the temporal integration of the pulse frequency shift R(t) =
ωs dt ′ . When the pulsar shrinks a distance δa from the center of mass, because of the coupling and speed of propagation v g for massive gravitons, the phase difference ∆φ(t) ∼ t 0
, and the GW-induced time residuals
G dt ′ , where t denotes the time taking for orbital shrink of δa. The uncertainty for one radio pulsar comparison is √ 2ω s T σ y (T ). The statistical uncertainty is then δa/(v g T ). Consequently, we obtain the signalto-noise ratio
The noise scales with the time interval between successive pulse signal comparison as T 3/2 σ y (T ). A pulsar clock measures a pulse arrival time, if the errors after all corrections are due only to white phase noise, then the Allen variance should vary as T −1 [21] , so that
The long-term trend for millisecond pulsars have been observed for over an integration times > 6 yrs and have reached a stability of around 10 −15 , which improves approximately as T − 1 2 . In DNS binary systems, the time variation of gravitational constantĠ/G is reflected by the orbital period derivativeṖ b [22] . The best limit for the shift of gravitational constant, to date, is given by using pulsar timing from PSR B 1913+16, |Ġ/G| = (4 ± 5) × 10 −12 yr −1 [23] . But this value is obtained with poorly known equation of state for the neutron star companion [24] . Another slightly weaker but more reliable limit ofĠ/G = (−9 ± 18) × 10
yr −1 was performed by Kaspi [25] from PSR B 1855+09. In addition, using the timing of PSR J1737+0747, a more stringent limit at 95% certainty of |Ġ/G| = (2.5 ± 3.3) × 10 −12 yr −1 was obtained [26] . However, the Lunar Laser Ranging (LLR) put a constrain as strong as |Ġ/G| = (4 ± 9) × 10 −13 yr −1 [27] . Taking the Husle-Taylor system as an example, the time to coalescence for two bodies can be estimated from t coa ≃ 9.829 × 10 y rs( (21) where the orbital period of the system P b = 7.752 hrs,
. we obtain t coa ≃ 3 × 10 8 yrs. Therefore, the temporal shift of gravitational constant is ∆G/G = (12±5)×10 −4 . Considering the millisecond pulsar with a spin period 59.0 ms, we can get a signal-to-noise ratio S/N ≃ 0.23 ± 0.096.
For the DNS system which consists of two radio pulsars, such as PSR J0737-3039 A(B), the emission of GWs leads to the pulse frequency shifts for both pulsars, which leaves a correlation between timing residuals of pulsar pair [28] . Therefore, it allows us to hunt for GWs with massive gravitons by comparing the crosscorrelation function c(θ i ), which depends on the angular distance θ between two pulsars,
where R 1 (t i ) and R 2 (t i ) are the GW-induced time residuals of two pulsars in binary pulsar system for the ith observation, N is the number of observations during δt, R 1 (t i ) = N −1 i=0 R 1 (t i )/N , and R 2 (t i ) = N −1 i=0 R 2 (t i )/N . Therefore, the correlation function C(θ) between two pulsars is C(θ) = R 1 (t)R 2 (t)
where σ 1 and σ 2 are the rms values for time residual R 1 (t) and R 2 (t). Then taking the systematic parameter of PSR J0737-3039 A(B) into account, we can estimate the time to coalescence t coa ≃ 9.6 × 10 7 yrs. As a result, we, considering the strongest limit for time variation of gravitational constant |Ġ/G| = (4 ± 9) × 10 −13 yr −1 from LLR, obtain a signal-to-noise ratio from the correlation between PSR J0737-3039 A and PSR J0737-3039 B of about S/N ≃ 0.37 ± 0.09. This work is supported by the National Science Council of the Republic of China under grants NSC 102-2112-M-007 -023 -MY3 and 101-2923-M-007 -001 -MY3.
